INTRODUCTION
============

It is generally accepted that microleakage between the filling materials and root canal walls might adversely affect the outcome of root canal treatment^[@r13]^. Therefore, it is critical the complete sealing of the root canal system after cleaning and shaping in order to avoid the bacterial penetration and re-infection of the root and periapical tissues^[@r03]^. The association of gutta-percha cones and root canal sealer has been traditionally used for this purpose. However, in the last decade, the dentin adhesive technology has been incorporated into the root canal filling techniques to reduce apical and coronal leakage by bonding to root canal walls^[@r28]^. Etch-and-rinse adhesives have been tested with resin cements^[@r10]^ and the combination of a dentin-bonding agent and an epoxy resin-based root canal sealer significantly reduced apical leakage^[@r12]^.

In Restorative Dentistry, the self-etch adhesive systems have shown less technique sensitivity, with reliable long-term performance of a two-step mild self-etch adhesive^[@r05],[@r30]^. Following this trend, Pentron Clinical Technologies (Wallingford, CT, USA) has developed the Epiphany system, which contains a self-etch primer, a dual-cured composite resin sealer and a polyester-based thermoplastic root-filling material (Resilon^TM^; Resilon Research LLC, Madison, CT, USA). According to Shipper, et al.^[@r23]^ (2004) this material has been shown to be more resistant to bacterial leakage than epoxy resin-based sealers for filling root canals.

In Endodontics, the controversy about the performance of adhesive systems inside the root canal remains^[@r01],[@r21],[@r26]^. Despite that, other possibility is combining Epiphany primer with AH Plus in an attempt to add the hybridization capacity to the gold standard endodontic sealer. The reason for this is that the removal of the smear layer with ethylenediamine tetraacetic acid (EDTA) does not provide the same etching pattern usually associated with the hybrid layer, which is considered an important factor for dentin bonding^[@r15],[@r19]^.

The majority of studies have evaluated apical or coronal microleakage, and few have focused gap formation at the dentin/sealer interface^[@r01],[@r26]-[@r28]^. So far, no correlation between microleakage and gap formation has been established in the literature. Thus, it is reasonable to believe that the association of both methods would provide a more precise evaluation of the adhesive interface.

The aim of this study was to compare the apical sealing and gap formation of AH Plus/gutta-percha with Epiphany system. In addition, the opportunity was taken to assess the effect of the association of Epiphany primer and AH Plus/gutta-percha on apical sealing and gap formation. The null hypotheses tested were as follows: (1) there is no difference in apical microleakage or (2) apical gap formation among the experimental groups and (3) there is no correspondence between apical microleakage and the presence of gaps.

MATERIAL AND METHODS
====================

Specimen preparation
--------------------

Thirty-nine lower single-rooted human premolars with straight root canals and fully developed apices (Local Ethics Committee approval 177/05) were cleaned and submitted to 18.5 KGy gamacell radiation (Nuclear Energy Research Institute, São Paulo, SP, Brazil), and stored in saline solution at 4ºC. After endodontic access, the real working length (RWL) was established 1 mm short of the apical foramen. A crown-down technique was used (up to K-file \#50) under constant irrigation with 0.5% NaOCl. The smear layer was removed with 17% EDTA (5 mL) and 0.5% NaOCl (5 mL)^[@r31]^ followed by saline solution (15 mL). Root canals were dried with paper points. Afterwards, foramen diameter was standardized (\#30 K-file). Three coats of nail polish were applied to external root surfaces except for the apical 2 mm.

The teeth were randomly (<http://www.random.org>) divided into 3 experimental groups (n=11). This web-site allowed generating randomized sequences of integers. Six additional teeth were used for control. The endodontic sealers were prepared according to the manufacturer\'s instructions and the cold lateral condensation filling technique (LC) was used according with the following description:

Group AH Plus
-------------

An ISO \#50 master gutta-percha cone was lightly coated with AH Plus sealer (AH Plus^®^; Dentsply DeTrey, Konstanz, Germany) and placed into the canal to RWL. A size B finger spreader (Dentsply Maillefer, Ballaigues, Switzerland) was then inserted into the canal to a level approximately 1 mm short of RWL. LC with accessory gutta-percha cones was performed until the entirely filled root canal. The excess gutta-percha was removed with a heated plugger and then compacted vertically.

Group AH Primer
---------------

Adhesive-modified technique was used for bonding AH Plus to intraradicular dentin. A paper point soaked with Epiphany primer was used to etch dentin (30 s) and the excess was removed with paper points. The filling technique was the same of the group AH Plus.

Group epiphany
--------------

Dentin was etched as described for the AH Primer group. The LC was performed with Resilon cones and Epiphany sealer. The coronal surface of the root filling was light-cured for 40 s (600 mW/cm^2^).

Positive and negative controls
------------------------------

The positive controls (n=3) were left unfilled and coated as described earlier. The negative controls (n=3) were filled and totally coated, including the apical foramina.

The openings were sealed (Cavit^TM^ W, 3M ESPE, St Paul, MN, USA), and stored in a chamber held at 100% humidity and 37ºC for 7 days. Next, all teeth were immersed in a 50-wt% aqueous silver nitrate solution (AgNO~3~, pH≈7.0) in the darkness that was buffered using NaOH 0.1 N^[@r35]^ for 24 h at 37ºC. The silver-impregnated teeth were rinsed and placed in photodeveloper (8 h) in fluorescence light to reduce the silver ions into metallic silver^[@r04]^. They were embedded in epoxy resin (Epon-Thin^TM^, Buhler Ltd., Lake Bluff, IL, USA), longitudinally sectioned in an Isomet 1000 Precision Saw (Buehler) at low speed (200 rpm) with a water-cooled diamond blade. The interfaces were etched with a 35% phosphoric acid solution (5 s), rinsed with distilled water (30 s) and gently air-dried. Then, specimen preparation followed the protocol 1 for apical microleakage analysis using scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS); or the protocol 2 for gaps analysis using SEM according to the following description:

Protocol 1
----------

Specimens were fixed, dehydrated in ascending grades of ethanol and final chemical drying in HMDS (Hexamethyldisilazane, Sigma-Aldrich Inc., St. Louis, MO, USA) for 10 min^[@r20]^, and covered with carbon (Sputter Coater SCD 050, BAL-TEC AG, Balzers, Liechtenstein). The apical 5 mm of the root canal filling were divided into 5 regions of 1 mm to evaluate microleakage by SEM LEO Stereoscan 440 (LEO Electron Microscopy Ltd., Cambridge, England) using back scattered electrons (BSE) mode ([Figure 1a](#f01){ref-type="fig"}). The EDS (Inca software, Oxford, UK, England) was performed in lower magnification within a pre-determined area (300 μm^2^) ([Figure 1b](#f01){ref-type="fig"}), and in a higher magnification, the identification of silver was made punctually to determine its exact location ([Figure 1c](#f01){ref-type="fig"}). Each 1 mm region was classified according to the following scores: 0 (absence of leakage in both interfaces) and 1 (presence of leakage in at least one of the interfaces). In [Figures 1d](#f01){ref-type="fig"} and [1e](#f01){ref-type="fig"} typical spectrum showed higher or less Ag inside the interface.

![Scanning electron microscopy (SEM) micrographs using back scattered electrons (BSE) mode and corresponding energy dispersive spectroscopy (EDS) spectrum of AgNO~3~ leakage: (a) - The apical 5 mm of the root canal filling divided into 1 mm-regions. Pointer at the detected metallic silver; (b) -- area (300µm^2^) scanned for the existence of silver and respective EDS spectrum (arrow) and (c) - in detail, punctual EDS confirmation of its exact location. GP=Gutta-percha; D=Dentin](jaos-20-03-0329-g01){#f01}

Protocol 2
----------

Impressions of polyvinyl siloxane (Aquasil^TM^, ULV, Dentsply DeTrey) were made of the interfaces and the surfaces replicated with epoxy resin (Epon-Thin^TM^, Buhler). The replicas were covered with carbon to investigate the presence of gaps at the dentin/sealer and sealer/cone interfaces, as described previously, using secondary electrons (SE) mode. As the gaps were not continuous, for each 1 mm-region, two interfaces were analyzed ([Figure 2a](#f02){ref-type="fig"}) and classified as: type 0: both interfaces were gap-free, type 1: gap at dentin/sealer interface ([Figure 2b](#f02){ref-type="fig"}), type 2: gap at sealer/cone interface ([Figure 2c](#f02){ref-type="fig"}), and type 3: both types of gaps present. Therefore, for each experimental group, 11 replicas were prepared; 55 regions were evaluated and accordingly classified.

![Scanning electron microscopy (SEM) micrographs using secondary electrons (SE) and back scattered electrons (BSE) mode of the replica and the section of the same specimen, respectively. (a) - The apical 5 mm of the root canal filling divided into 1 mmregions. Classification of the types of gaps: (b) -- Type 1: gap between dentin/sealer (pointer); Air voids were present within the sealer (open arrow); (b\') - Silver penetration was evident along the dentin/sealer interface, into dentinal tubules in a reticular form and granular aspect on the dentin surface (arrowhead); (c) -- Type 2: gap between sealer/cone (pointer) - Cohesive fracture of the sealer (open arrow); (c\') - the area marked in figure C at higher magnification: Silver deposition into the dentinal tubules in a reticular form and granular aspect within the sealer layer (arrowhead) could be seen; (The sealer thickness was indicated between black/white arrowheads. GP=Gutta-percha; D=Dentin; R=Resilon)](jaos-20-03-0329-g02){#f02}

The data obtained for apical microleakage and types of gaps were statistically analyzed (α=0.05) using the Ordinal Logistic Regression model^[@r09]^ and Correspondence Analysis^[@r07]^ in the MINITAB Statistical software program (Minitab Inc. Release 14 for Windows 2003, State College, PA, USA).

The counting of regions analyzed for gaps was also computed and adjusted in a Generalized Linear Model with Poisson distribution and logarithmic link function. The sealers groups (AH Plus, AH Primer and Epiphany) and the type of gap were considered as explanatory variables and AH Plus and the type 0 as references.

RESULTS
=======

The Ordinal Logistic Regression Analysis demonstrated that there was no statistically significant difference (p\>0.05) among the groups tested and types of gaps over the *logit* of microleakage. The model was adjusted to identify the effect of the type of gap on microleakage. The type 3 data were not considered isolated in the analysis (very few regions) but joined with type 2 data ([Figure 2c](#f02){ref-type="fig"}; [Table 1](#t01){ref-type="table"}). The adjustment tests of the model presented high p-values for Pearson\'s test (p=0.900) and Deviance (p=0.852). The adjusted model demonstrated that the effect of the type of gap on the *logit* of microleakage is significant when compared to the presence of types 1 and 2 ([Figure 2b](#f02){ref-type="fig"} and [2c](#f02){ref-type="fig"}, respectively) of gap with the absence of gap (p=0.047). The Correspondence Analysis also showed the association between microleakage and both types of apical gaps ([Figure 3](#f03){ref-type="fig"}).

![Correspondence analysis of microleakage vs. type of gap: (Inf.0) - absence of leakage; (Inf.1) - leakage up to the 1^st^ millimeter; (Inf.2) -- leakage up to the 2^nd^ mm; (Inf.3) -- leakage up to the 3^rd^ millimeter; (Inf.5) -- leakage up to the 5^th^ millimeter; (F.0) -- absence of gaps; (F.1) -- gaps type 1; (F.2) - gaps types 1 and 2. The absence of leakage is associated with the absence of gap; leakage up to the 1^st^ millimeter is associated with type 1; and more extensive leakage is associated with types 1 and 2](jaos-20-03-0329-g03){#f03}

###### 

Frequency and type of gaps in the apical 5 mm of root canal fillings

  **Groups**   **n**   **Frequency of gaps (%)[\*](#t01-fn01){ref-type="table-fn"}**             
  ------------ ------- --------------------------------------------------------------- --------- --------
  AH Plus      55      42 (76)                                                         11 (20)   2 (4)
  AH Primer    55      36 (65)                                                         14 (26)   5 (9)
  Epiphany     55      14 (25)                                                         32 (58)   9 (17)

Percentage of regions with gaps. Type 0: absence of gaps; Type 1: gaps between dentin and sealer; Type 2 gaps between sealer and cone

The Generalized Linear Model with Poisson distribution ([Table 1](#t01){ref-type="table"}) found no difference between AH Plus and AH Primer (p=0.497) in distribution of each type of gap, but they presented more type 0 regions (p\<0.001). There was a significant interaction between Epiphany and the type of gap (p\<0.003) and for this group, there were more type 1 regions.

DISCUSSION
==========

Based on the findings of this study, the first null hypothesis could not be rejected. Recently some studies have shown similar results between AH Plus and Epiphany on apical sealing ability using the fluid filtration method^[@r18],[@r22]^. Consistent with these studies, our results indicate that the Epiphany system is as effective as AH Plus/gutta-percha in preventing microleakage based on the chemical tracer penetration analysis by SEM and the use of Epiphany primer does not reduce the microleakage of AH Plus.

Nevertheless, other researches pointed out that the Epiphany system provided the greatest resistance to the movement of fluids^[@r25],[@r29]^ or dye leakage test^[@r16]^, when compared to epoxy resin-based root canal sealers, but others have just indicated the opposite^[@r08],[@r17]^. These apparent discrepancies can perhaps be explained by the methodology used and their variables^[@r06],[@r16]^.

These results agree with those of previous studies in which, microleakage markers were used to evaluate apical sealing of the same endodontic sealers^[@r28],[@r32]^. The tracer selected was AgNO~3,~which may penetrate into dentinal tubules due to their physical and chemical characteristics including: concentration, smaller molecular size, its neutral pH, diffusion coefficient^[@r34]^ and service life up to 168 h post-preparation time of solution^[@r04]^. Another reason for this choice is that metallic silver deposits may be observed by SEM using back scattered electrons (BSE) mode^[@r35]^.

On the other hand, the results of the current study disagree with the findings of Shipper, et al. ^[@r23]^ (2004) and Leonardo, et al.^[@r11]^ (2007). An explanation for this would be that their studies have evaluated coronal and not apical bacterial leakage. Indeed, coronal seal might be favorably influenced by photoactivation of the material which is unlikely to occur in the apical third^[@r14]^. Furthermore, it is speculated that in *in vivo* studies (dogs), the high release of calcium hydroxide (41.46 mg/L) that would occur during the process of Epiphany sealer solubilization, would make the medium alkaline, resulting in acceleration of the periapical tissue repair process^[@r33]^.

This study has shown that the presence of apical gaps at the sealer/dentin or sealer/cone interfaces had an effect on apical microleakage. The Epiphany group presented more type 1 gaps than the other groups ([Table 1](#t01){ref-type="table"}), rejecting the second null hypothesis. These results corroborate with previous observation of gaps in the apical 4 mm of Epiphany or AH Plus-filled root canals^[@r28]^. Stress generated during the polymerization shrinkage of Epiphany sealer has probably influenced the integrity loss at the sealer/dentin interface^[@r24]^. In addition, the cavity configuration factor (C-factor) is highly unfavorable for adhesion inside root canals^[@r26]^. Moreover, it is known that analysis of gap formation of vertically sectioned root filled teeth hides the risk of artifacts during sectioning. Therefore, in this study, the sections were made at low speed under water cooling. The resin-epoxy replicas at the dentin/sealer and sealer/cone interfaces were made before the specimens had been prepared for SEM examination in order to differentiate genuine gaps from artifactual gaps created after vacuum desiccation in conventional scanning electron microscopes. Besides, the replica analysis has to be regarded with caution^[@r20]^.

Few studies have focused on apical sealing from two separate perspectives, such as microleakage and apical gap formation. This inter-relationship has not been fully demonstrated in the literature. SEM was used to evaluate these perspectives^[@r01],[@r26]-[@r28]^, but it was restricted to a descriptive approach.

A systematization of the observations, complemented by a statistical analysis, such as the one performed in this study, could provide greater methodological accuracy and impartiality for comparing the experimental groups. The Correspondence of Analysis between the types of gaps and linear extent of AgNO~3~ leakage ([Fig. 3](#f03){ref-type="fig"}) confirms the effect of gaps on apical microleakage, expressed by the silver deposition into gaps that extended deeply inside dentinal tubules ([Fig. 2b\'](#f02){ref-type="fig"} and [c\'](#f02){ref-type="fig"}), rejecting the third null hypothesis.

Regarding to statistical analysis, the Ordinal Logistic Regression Analysis Model was used due to microleakage was considered categorized ordinal response variable (ranging from 0 - no leakage to 5 - leakage up to the fifth millimeter). The Correspondence Analysis is a method that leads to visualize the association between two categorical variables, in this case microleakage and the type of gap. The Generalized Linear Model with Poisson which is an extension of usual regression model was performed to quantify the distribution of types of gaps. This result could be explained by two hypotheses: (1) the low degree of conversion of the Epiphany sealer^[@r02]^ and (2) the formation of hydrogel at the bond interface resulting from the incomplete evaporation of the Epiphany primer solvent^[@r03]^. The second hypothesis could also explain the inefficacy of Epiphany primer in improving the sealing capacity of AH Plus. Moreover, there is a chemical incompatibility between these two materials, since the epoxy resin sealers do not copolymerize with methacrylate resin-based adhesives^[@r28]^. Other studies should be carried out to clarify the sealing ability of the root-filled materials studied.

CONCLUSIONS
===========

It may be concluded that none of the tested materials completely sealed the apical 5 mm. The Epiphany primer did not improve the sealing capacity of AH Plus sealer. The presence of gaps had an effect on apical microleakage for all materials. Comparing the materials, Epiphany system presented more regions containing gaps between the dentin and the sealer (type 1). In view of these findings, clinically, it can be suggested that AH Plus would provide a better apical seal.
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